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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
Evaluation method of ductile crack initiation limit without depending on materials was investigated. Ductile crack initiation 
behaviors were experimentally and analytically comprehended using aluminum alloy as non-ferrous metal in addition to two 
different steels. It was found that their limit characteristics of ductile crack initiation for materials used were different in the case 
of using a conventional method based on stress triaxiality factor and equivalent plastic strain. It is considered that from cross 
section observations, ductile crack initiation for steels is caused by shear fracture between grown voids at the center of specimen.
Therefore, Mohr-Coulomb fracture criterion, which is related to normal stress and shear stress, was applied to the evaluation of 
steels. As a result, it was found that strain hardening exponent of the materials could be a new parameter. Using strain hardening 
exponent in addition to stress triaxiality factor and equivalent plastic strain, ductile crack initiation limit of different steels whose 
fracture mechanisms are similar, can be evaluated with a master curve.
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1. Introduction
Ductile fract re limit of metals has b en evaluated using stress triaxiality factor and equivalent strain by Johnson 
and Cook (1985). It has been found that ductile crack initiation is caused by the growth and coalescence of micro 
voids generated in the materials by Otsuka et al. (1981). The limit characteristics of ductile crack initiation are
obtained from tensile tests of notched specimens and the finite element analyses by Enami (2005). Because the 
characteristics are dependent on materials, fracture tests using materials evaluated has to be conducted in each case. 
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Therefore, if a master curve for ductile crack initiation limit can be obtained, it is considered to be a very important
practice.
In this study, as for high stress triaxialities supposing structural discontinuities, the evaluation method of ductile 
crack initiation limit without depending on materials was investigated using three kinds of materials. Ductile crack 
initiation behavior of each material was comprehended by tensile test using notched round bar specimens, finite 
element analyses and cross section observations. In addition, ductile crack initiation was considered to be caused by 
shear fracture between grown voids and Mohr – Coulomb fracture criterion was applied to adopt a new parameter to 
the evaluation of ductile crack initiation.
Nomenclature
A material constant used in power law relationship between stress and strain
B, C materials constant used in equation (11)
a, b materials constant used in the relationship representing ductile crack initiation limit
c1, c2 material constant used in Mohr – Coulomb fracture criterion
P, L load and axial displacement obtained from tensile test
R notch radius
n strain hardening exponent
α material constant
εp, σ true plastic strain and true stress used in stress-strain relationship for finite element analysis
ε'p equivalent plastic strain
η stress triaxiality factor
θ Lode angle
σ' equivalent stress
σ1, σ 2, σ 3 maximum, intermediate and minimum principal stress
σm mean stress
σn, τ normal stress and shear stress used in Mohr – Coulomb fracture criterion
σy yield stress
2. Experimental procedure
The materials used are high-strength aluminum alloy (A2024-T351) in addition to 400MPa class structural steel 
(SM400B) and 780MPa class high-strength steel (HT780). Mechanical properties are shown in Table 1.
Configurations of notched round bar specimen with different notch radii and smooth specimen used are shown in 
Figs. 1 and 2. Tensile tests were conducted under the condition of controlling testing machine displacement at room 
temperature. The displacement rate was 1mm/min and load and axial displacement were measured during each test. 
3. Analytical procedure
Elastic-plastic finite element analyses were conducted in order to obtain stress triaxiality factor and equivalent 
plastic strain at ductile crack initiation. The example of analytical model is shown in Fig. 3. Analytical models were 
prepared using half axisymmetric solid elements with four nodes and displacement was imposed at the end face of 
the model. General-purpose finite element analysis code, ABAQUS Ver.6.12-1, was used for the calculations and 
geometric non-linearity was account for. The relationships between stress and strain used for the calculations were 
obtained from monotonic tensile tests of each material. The relationships were approximated using the following 
Swift law;
1
n
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ε
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α
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2. Experimental procedure
The materials used are high-strength aluminum alloy (A2024-T351) in addition to 400MPa class structural steel 
(SM400B) and 780MPa class high-strength steel (HT780). Mechanical properties are shown in Table 1.
Configurations of notched round bar specimen with different notch radii and smooth specimen used are shown in 
Figs. 1 and 2. Tensile tests were conducted under the condition of controlling testing machine displacement at room 
temperature. The displacement rate was 1mm/min and load and axial displacement were measured during each test. 
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     Table 1. Mechanical properties of materials used.
Material Yield stress (MPa) Tensile strength (MPa) Elongation (%)
SM400B 267 441 43
HT780 653 763 26
A2024-T351 349 443 21
Fig. 1. Configuration of notched round bar specimens           Fig. 2. Configurations of specimens used for A2024-T351 (unit: mm).
           used for SM400B and HT780 (unit: mm) .                                    (a) smooth specimen; (b) notched round bar specimen.
Fig. 3 Example of analytical model (notch radius: R1).                    Fig. 4 Relationships between stress and strain used for analyses.
As for SM400B, the result of monotonic tensile test was directly input to the analyses for εp < 0.1 in order to express 
yield plateau. The relationships between stress and strain used for analyses are shown in Fig. 4.
4. Results of experiments and analyses
4.1. Load and displacement curves, observations of fracture surface and cross section
Examples of load and displacement curves obtained from tensile tests are shown in Fig. 5. Analytical results are 
also shown in this figure and agree with experimental results up to inflection points, which are shown by arrow 
marks. Examples of fracture surface in the center of specimen are shown in Fig. 6. It is found that typical dimples 
and various sizes of dimples are observed for all materials. It has been reported that as for steels, ductile crack 
initiation is caused by the coalescence of grown micro voids, which are generated at the center of notch section, for
notched round bar specimens with notch radius more than 1mm by Ostuka et al. (1981). In addition, ductile crack
initiation level corresponds to the inflection point after maximum load shown in the load and displacement curve. 
Authors also observed that ductile crack initiated at the inflection point using compressive prestrained SM400B as
shown in Fig. 7(a) by Yamada and Yamashita (2011). Cross section observations of HT780 and A2024-T351, which 
were obtained after unloading near the inflection point, are shown in Fig. 7(b) and (c). As for A2024-T351, grown 
voids and ductile crack initiation are not observed.
(a)
(b)
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Fig. 5 Examples of experimental and analytical                               Fig. 6 Observations of fracture surface (notch radius: R5).
P-L curves (notch radius: R5).                                                          (a) SM400B; (b) HT780; (c) A2024-T351.
(a) SM400B(-10% prestrained)                                            (b) HT780                                                           (c) A2024-T351
Fig. 7 Cross section observations after unloading near the inflection point in P-L curves (Examples of specimens with notch radius R5).
4.2. Conventional evaluation of ductile crack initiation limit
Equivalent plastic strain and stress triaxiality factor at ductile crack initiation are used for the evaluation of ductile 
crack initiation limit as the conventional relationship related to micro void growth rate by Rice and Tracy (1969). 
The relationship is represented by the following equation;
( )expp a bε η′ = ⋅ − ⋅ (2)
( )
( ) ( ) ( ){ }
1 2 3
2 2 2
1 2 2 3 3 1
/ 3
1/ 2
σ σ σ
η
σ σ σ σ σ σ
+ +
=
− + − + −
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The relationships between ε’p and η at the center of notch section at the ductile crack initiation are shown for all 
materials in Fig. 8. Though the location of ductile crack initiation for A2024-T351 is not obvious, ε’p and η at the
center of notch section are plotted as is the case in SM400B and HT780. It is found that the trend is similar but those 
relationships are dependent on materials.
5. Discussion
5.1. Ductile fracture model
Three kinds of models shown in Fig. 9 have been reported as ductile fracture model of metals by Mutoh et al. 
(1985). Type A in Fig. 9 is the model that voids generated at early stage of deformation grow with the progress of
deformation and the coalescence of relatively large voids results in ductile fracture. Type B is that voids are  
(a) (b)
(c)
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Fig. 8 Relationships between ε’p and η at ductile crack                                 Fig. 9 Schematic illustrations of ductile fracture models.
initiation for materials used in this study.
generated and grow like Type A and the coalescence of micro voids generated between the grown voids results in 
ductile fracture. Carbon steels and high strength steels are the case with this type. Because the various size of dimple
and ductile crack initiation by the coalescence of void are observed in Fig. 6 and Fig .7(a), (b), SM400B and HT780 
is considered to be classified with Type B. On the other hand, Type C is the model that little grown voids are 
observed during deformation and a lot of micro voids generated at a stage of deformation rapidly grow and result in 
rupture. High strength aluminum alloys are the case with Type C and it is supposed that A2024-T351 is classified 
with this type from Fig. 8(c). Although the relationships between ε’p and η are dependent on materials as shown in 
Fig. 8, it is considered that ductile crack initiation limit of SM400B and HT780 whose fracture models are the same 
can be evaluated without depending on materials.
5.2. Application of Mohr – Coulomb fracture criterion to ductile crack initiation limit
The evaluation using the following Mohr – Coulomb fracture criterion has been reported for tensile test of sheet 
material and punch test on circular disk whose ductile fracture is governed by maximum shear stress by Beese et al. 
(2010);
( )1 2nc cτ σ+ ⋅ = (4)
As mentioned above, ductile crack initiation of Type A and B as ductile fracture model shown in Fig. 9, that is to 
say SM400B and HT780, is considered to be caused by shear fracture between grown voids. Therefore, Mohr –
Coulomb fracture criterion was applied to ductile crack initiation limit for steels used in this study. Equation (4) can 
be developed using stress triaxiality factor η and equivalent stress σ’ and it has been reported that the following 
equation can be obtained by Bai and Wierzbicki (2010);
1
2
1
2 1
1 1cos sin
3 6 3 6
cc cπ πσ θ η θ
−
 +     ′ = − + + −           
(5)
Lode angle θ is represented in the following as the parameter related to third stress invariant;
(a) Type A (b) Type B
(c) Type C
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material and punch test on circular disk whose ductile fracture is governed by maximum shear stress by Beese et al. 
(2010);
( )1 2nc cτ σ+ ⋅ = (4)
As mentioned above, ductile crack initiation of Type A and B as ductile fracture model shown in Fig. 9, that is to 
say SM400B and HT780, is considered to be caused by shear fracture between grown voids. Therefore, Mohr –
Coulomb fracture criterion was applied to ductile crack initiation limit for steels used in this study. Equation (4) can 
be developed using stress triaxiality factor η and equivalent stress σ’ and it has been reported that the following 
equation can be obtained by Bai and Wierzbicki (2010);
1
2
1
2 1
1 1cos sin
3 6 3 6
cc cπ πσ θ η θ
−
 +     ′ = − + + −           
(5)
Lode angle θ is represented in the following as the parameter related to third stress invariant;
(a) Type A (b) Type B
(c) Type C
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Lode angle is the important parameter for ductile fracture and depends on specimen configurations and loading type
by Bai and Wierzbicki (2010). In addition, the following simple power law representation of the hardening curve is 
used as stress –strain relationship of material; 
( )npAσ ε′ ′=                                   (8)
The following can be obtained from equation (5) and (8);
1/
2
1
1
2
1 1cos sin
3 6 3 6
n
p
cA c
c
θπ θπ
ε η
−
      + ′  = + +     
        
(9)
1 6 /θ θ π= −                                               (10)
In the case of supposing similar specimen configuration and loading type and regarding Lode angle as a constant, 
equation (9) can be represented by the following simple equation;
( ) np B Cε η
−
′ = ⋅ +                                  (11)
Although B and C above are considered to be dependent on materials, it is considered that equation (11) can 
evaluate ductile crack initiation limit without depending on materials when the limit characteristics are largely 
governed by strain hardening exponent n. 
5.3. Sensitivity of strain hardening exponent to the locus of equivalent plastic strain and stress triaxiality factor
The influence of n on the locus of ε’p and η was confirmed using finite element analyses with Swift law shown 
by equation (1). The specimen configuration used for analyses was notched round bar with notch radius of R5
shown in Fig. 2(b) and the displacement of 1.5mm was imposed. Elastic-plastic finite element analyses in the same 
procedure as chapter 3 were performed using stress-strain relationships with constant n and variable σy shown in Fig. 
10(a) in addition to variable n and constant σy shown in Fig. 11(a). Material constant α shown in equation (1) was
invariant to be 0.01 which is equal to SM400B. Figures 10(b) and 11(b) shows the locus of ε’p and η at the center of 
notch section for each analysis. In Fig. 10(b), it is found that σy makes little effect on the loci and ε’p at displacement 
of 1.5mm were exactly similar in each analysis. On the other hand, Fig. 11(b) shows that the loci were largely 
dependent on n. Therefore, it is considered that the difference in ductile crack initiation limit between materials as 
shown in Fig.8 may be largely related to strain hardening exponent n.
2212 Takehisa Yamada et al. / Procedia Structural Integrity 2 (2016) 2206–2213
Author name / Structural Integrity Procedia 00 (2016) 000–000 7
Fig. 10 Effect of stress-strain relationships with different yield stress on locus of ε’p and η.
(a) stress-strain relationships used; (b) locus of ε’p and η.
Fig. 11 Effect of stress-strain relationships with different strain hardening exponent on locus of ε’p and η.
(a) stress-strain relationships used; (b) locus of ε’p and η.
5.4. Evaluation of ductile crack initiation limit using strain hardening exponent
In order to confirm the availability of equation (11) to the evaluation of ductile crack initiation limit, the 
conventional relationships between ε’p and η are shown in Fig. 12(a) again and the relationships between (ε’p)-n and 
η are shown in Fig. 12(b). From Fig. 12, it is found that the limit characteristics of ductile crack initiation without 
A2024-T351 can be estimated by a single line by considering strain hardening exponent. The plots of A2024-T351, 
which is considered to be Type C in Fig. 9, are definitely different from the others and the discrepancy is supposed 
to be caused by the difference in the process of ductile crack initiation as shown in Figs. 7 and 9. In addition, the 
discrepancy may be dependent on the size or density of primary voids and inclusions in the materials. The unified 
evaluation including A2024-T351 is considered to need the other procedure and will be a future work. The data of 
the other steels obtained from literatures by Enami (2005) and Bai et al. (2009) and weld metal for 490MPa class 
high-strength steel obtained by tensile tests using notched round bar specimens conducted by authors separately, are 
also shown in Fig. 12 in order to confirm the applicability of the new evaluation using equation (11). It is found that 
ductile crack initiation limit for six kinds of steels including a weld metal can be represented by the following 
simple equation;
( ) 0.40 0.62npε η
−
′ = ⋅ +                                  (12)
(a) (b)
(a) (b)
 Takehisa Yamada et al. / Procedia Structural Integrity 2 (2016) 2206–2213 2213
Author name / Structural Integrity Procedia 00 (2016) 000–000 7
Fig. 10 Effect of stress-strain relationships with different yield stress on locus of ε’p and η.
(a) stress-strain relationships used; (b) locus of ε’p and η.
Fig. 11 Effect of stress-strain relationships with different strain hardening exponent on locus of ε’p and η.
(a) stress-strain relationships used; (b) locus of ε’p and η.
5.4. Evaluation of ductile crack initiation limit using strain hardening exponent
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Fig. 12 Limit characteristic of ductile crack initiation for different materials.
(a) relationships between ε’p and η; (b) relationships between (ε’p)-n and η.
6. Summary
• From the tensile tests using notched round bar specimens of SM400B, HT780 and A2024-T351, it was found that 
the relationships between ε’p and η at ductile crack initiation are dependent on materials.
• The processes of ductile crack initiation are considered to be different between steels such as SM400B and 
HT780, and A2024-T351 from the cross section observations. It is supposed that the ductile fracture of steels is 
caused by the coalescence of voids generated and grown during deformation. On the other hand, the one of 
A2024-T351 is supposed to be caused by the rapid growth and coalescence of micro voids at a stage of 
deformation.
• As for steels such as SM400B and HT780, ductile crack initiation is considered to be caused by shear fracture 
between grown voids and Mohr – Coulomb fracture criterion was applied to the evaluation of ductile crack 
initiation limit. As a result, it was found that strain hardening exponent could be a new parameter and ductile 
crack initiation limit of steels could be evaluated by a single master curve.
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